For bumblebee colony survival, sugar responses are crucial as nectar is the main carbohydrate source and flower choice is likely determined by sugar composition. This study used a bioassay both with harnessed and with free-moving workers of the bumblebee Bombus terrestris to study the gustatory response to the 3 major plant sugars by both groups. In harnessed workers of B. terrestris, a concentration of 5.5% of fructose and glucose was required to induce the proboscis extension reflex in 50% of the workers, whereas for sucrose, a much higher concentration of 40% was needed. In contrast, free-moving workers given a choice between 30% glucose, 30% sucrose, 30% fructose, and water showed a strong preference for sucrose (66% of individuals) compared with 18% for glucose and 16% for fructose; water was never chosen. Familiarization with 30% fructose provoked a significant increase in preference toward fructose, indicating plasticity. In addition, by amputation of the tarsi, it was found that tarsi plays a role in the sugar response with especially the foreleg tarsi being involved in the response to fructose. Our results demonstrated that sugar response is different in free-moving versus harnessed bumblebee workers and that tarsi plays a role in sugar perception.
Introduction
In social Hymenoptera, such as bumblebees, the success of the colony is strongly dependent on the amount of food brought back to the nest by foraging workers (Heinrich 1979) . As reviewed by Goulson (2010) , the food of bumblebees consists of pollen and nectar, where pollen is mainly fed to the larvae as protein source and nectar is the main carbohydrate source for workers and the queen. The decision of worker bees to visit a flower or not was found to be determined by insect-and plant-related cues. But after landing on a flower, the worker bee is again confronted with another subsequent choice, namely to consume floral nectar or not. Electrophysiology and experiments on organism level have already confirmed the responsiveness of honeybees and bumblebees to plant sugars (sucrose, glucose, and fructose) and to honeydew oligosaccharides (only for honeybees) (Minnich 1932; Kunze 1933; von Frisch 1934; Wykes 1952; Pouvreau 1974; Whitehead and Larsen 1976; Haupt 2004) . Sugar concentrations of sucrose between 50% and 60% (w/w) were preferred by honeybees (Apis mellifera) (Woodrow 1968; Waller 1972) , whereas the sugar uptake by bumblebee foragers (Bombus hypnorum, Bombus lapidaries, and Bombus pratorum) was highest for plant sugars at 30-40% (Pouvreau 1974) . Sugar responses did not only vary between genera but also between species.
Using free-flying bumblebee foragers, Pouvreau (1974) found that Bombus terrestris preferred sucrose, whereas B. hypnorum preferred glucose. In addition, sucrose responsiveness for honeybees was shown to be even more variable as the sensitivity was found to be correlated with genotype, age, division of foraging labor, and learning performance (Page et al. 1998; Page 1999, 2000; Scheiner et al. 1999 Scheiner et al. , 2001 Page and Erber 2002) . In honeybees, the division of labor is controlled by age (Winston 1987) , whereas in bumblebees, there is no evidence of such age-related task division (Jandt et al. 2009 ).
Under laboratory conditions, the sugar response threshold of individual bees is established by scoring the proboscis extension reflex (PER) in harnessed bees, that is, bees that are fixed with only the head and forelegs being free (Page et al. 1998; de Brito Sanchez et al. 2008) . Stimulation of these harnessed bees involves contacting the antennal tip and/or the tarsi of the forelegs with sucrose. Sugar receptors have been shown to be present on the antennae, the mouthparts, and the tarsi (Marshall 1935; Esslen and Kaissling 1976; de Brito Sanchez et al. 2005 Haupt 2007; Vosshall and Stocker 2007; Frasnelli et al. 2010; de Brito Sanchez 2011) . The density of taste hairs on the antennae is known to be the highest on the terminal antennomere, which allows assessing the quality of the food (Esslen and Kaissling 1976) . It is also this region that is stimulated for PER in bioassays with harnessed bees. However, it was recently demonstrated that presentation of an aversive compound, such as sodium chloride that is known to cause illness to honeybees, resulted in PER by harnessed bees but not by free-moving bees (Ayestaran et al. 2010) . This discrepancy in behavior showed that freemoving bees may show different responses to harnessed bees and that the use of harnessed models may not always be appropriate to study the role of gustatory behavior in foraging decisions.
This study investigated and compared the sugar responsiveness of harnessed and free-moving bumblebee workers of B. terrestris. Based on the information that gustatory sugar receptors are distributed over different body parts in honeybees, we hypothesize here that the response of harnessed workers might be different from free-moving workers as in the former the gustatory stimulation is typically limited to receptors on 1 body part. To investigate this, we first scored the potency of the 3 major plant sugars, glucose, sucrose, and fructose, at different concentrations to induce a PER in harnessed bumblebee workers. Then, the sugar preference of free-moving workers was investigated when workers had a choice among the 3 sugars. Following these experiments, insect behavior studies were also conducted with free-moving bumblebee workers to determine their typical behavior related to their sugar responsiveness before showing PER. Finally, the role of tarsi in the sugar responsiveness was investigated via amputation of the tarsi of the fore, mid, and hindlegs and combinations thereof.
Materials and methods

Insects and sugars
Bumblebee hives were obtained from Biobest NV. The food of the bumblebees consisted of commercial 60% sugar, water, and pollen, and the hives were kept under standardized laboratory conditions of 28-30 °C and 60-65% relative humidity (Mommaerts et al. 2006) .
For the different experiments, d-sucrose (99% purity) and d-fructose (meets United States Pharmacopeia testing specifications) were purchased from Sigma-Aldrich, and d-glucose water-free (96% purity) was purchased from Merck. Different concentrations of each plant sugar were prepared in milli-Q water: 0.1%, 0.3%, 1.0%, 3.0%, 10%, 30%, 50%, and 80% (w/v).
Potency of different sugars to induce PER in harnessed bumblebee workers
This experiment was performed with workers up to 12 days old. Hereto, the white callow workers were color-marked at birth and kept in their initial hive where commercial sugar water was provided as food; 4 queen-right hives were used. For analysis, the selected workers were then collected and kept for 3 min on ice for manipulation into the harness as described by Laloi et al. (1999) and de Brito Sanchez et al. (2008) . To keep the workers in place, a metal wire was placed behind the worker's head. In the harness, the workers could freely move both their head (with antennae and mouthparts) and the forelegs. After being mounted into their harness, all harnessed workers were fed a drop of commercial sugar water and placed in the dark at 28 °C and 60% relative humidity for 2 h. Subsequently, the response to an individual sugar was tested by touching the antennae during 1 min with a toothpick drenched in a concentration of the test sugar. A response was typically seen within 20 s, whereas bumblebee workers that did not respond during the first 20 s also failed to do so during the remaining 40 s. Each harnessed bee was presented a series of increasing sugar concentrations (prepared in water): 0.1%, 0.3%, 1.0%, 3.0%, 10%, 30%, 50% and 80% (w/v) between which water presentations were given to avoid sensitization of the worker. Hereto the same procedure was used, but toothpicks were drenched in water only. The individual sugar responsiveness was determined for 20 workers per plant sugar (sucrose, glucose, and fructose) and water. The whole experiment was repeated 3 times. The response of workers was scored using a binary system: 1 = extension of the proboscis (response) and 0 = no extension of the proboscis (no response).
For each plant sugar, a concentration-response curve was made, and the concentration resulting in a response of 50% of the worker bumblebees (EC 50 value) and the corresponding 95% confidence interval (50% CI) and R 2 were calculated using GraphPad Prim v4.
Bioassay to assess the preference and behavior of unfamiliarized free-moving workers
To test the sugar responsiveness of free-moving animals, 60 workers were collected at random from bumblebee hives (from rearing) and placed in an empty transparent plastic nest box (15 × 15 × 10 cm) for 1 h in the dark. Then, workers were transferred per 3 to the center of the walking arena in a new empty nest box under day light conditions. The walking arena consisted of a gritted plastic bottom of 15 × 15 cm. Here, cotton wicks either with a water solution of a plant sugar (glucose, sucrose or fructose) or with water were placed under the walking arena with 1 cotton wick in each corner with distances between the cotton wicks of minimum 10 cm. It was chosen to use a 30% sugar solution as it has been reported to fulfill the high metabolic demands of honeybees (Blatt and Roces 2001) . With a positive sugar response, the workers extended their proboscis to the cotton wick for consuming the sugar solution that was available by capillarity. We scored the behavior of the workers on the walking arena, the "position" of their antennae and tarsi, and the sugar preference of the workers demonstrating at first extension of the proboscis. The experiment was done with 20 independent groups of 3 workers and was repeated 2 times. For each case, a different group of workers was used.
Bioassay to assess sugar preference in free-moving workers after familiarization with fructose
To test the impact of familiarization with fructose on the sugar responsiveness of workers, 60 workers were collected from bumblebee hives. Then, these workers were placed in the dark in a new box with only access to fructose (30%) for a period of 72 h for familiarization. Fructose was chosen because of the low response to this sugar by unfamiliarized workers in the choice experiment. The experimental setup and endpoints used were the same as described previously.
Bioassay to assess the impact of tarsi in responding to sugars in familiarized free-moving workers
To test the role of tarsi in the sugar responsiveness of workers, workers were first familiarized to fructose as described in the previous experiment. Four different conditions were evaluated: 1) normal (without amputations), 2) amputation of all 6 tarsi, 3) amputation of the tarsi of the forelegs, and 4) amputation of the tarsi of the midlegs and hindlegs. All amputations were done with use of a scissor and wounds were sealed with a hot needle to prevent leakage of hemolymph (de Brito Sanchez et al. 2008) . Then, workers were placed for 30 min in the dark in a box where they had access to fructose (30%). The whole experiment was repeated 2 times. The experimental setup and endpoints used were the same as described previously.
Statistical analyses
Normality of the data was confirmed by KolmogorovSmirnov test (P = 0.05). Then, the data were analyzed by 1-way ANOVA using SPSS v16. Means ± standard deviations (SDs) were separated using post-hoc Tukey-Kramer test (α = 0.05).
Results
Sugar response thresholds in harnessed bumblebee workers
As shown in Figure 1A , harnessed bumblebee workers displayed some level of response to the lowest concentration (0.1%, w/v) of each plant sugar tested. At 0.1% (w/v), the proboscis was elicited by 21 ± 11% of the bumblebees for glucose, 7 ± 4% for sucrose, and 17 ± 2% for fructose, whereas water did not result in a PER response (0 ± 0% for all 3 water controls) ( Figure 1A) . A similar response was also obtained at 0.3% (w/v) with 19 ± 8% for glucose, 7 ± 4% for sucrose, 17 ± 2% for fructose, and 0 ± 0% for all 3 water controls ( Figure 1A ). At 3% (w/v), the responsiveness of the workers increased for all sugars, 33 ± 4% for glucose, 17 ± 6% for sucrose, and 22 ± 5% for fructose; and for water (15 ± 5% for water-glucose, 11 ± 3% for water-sucrose, and 13 ± 7% for water-fructose). At higher sugar concentrations of 10% (w/v), the response of harnessed workers further increased to 62 ± 6% for glucose, 30 ± 15% for sucrose, and 73 ± 5% for fructose, but the intermittent water response remained below 15% for all 3 water responses ( Figure 1B ). Increasing the sugar concentrations further increased the responsiveness of the workers for the 3 plant sugars, but the ware response remained below 15% for all 3 water controls. Stimulation with a sugar stimulus of 30% (w/v) caused PER in 65 ± 11% (for glucose), 42 ± 17% (for sucrose), and 77 ± 2% (for fructose) of the workers ( Figure 1B) . At the highest concentration tested (80%, w/v), more than 95% of the workers responded by PER to both glucose and fructose, whereas only 55% responded to sucrose ( Figure 1B) .
Exposure of workers to increasing concentrations of sucrose resulted in 50% of the workers showing PER at a concentration of 40% (EC 50 value) ( Table 1 ). In contrast, the plant sugars, glucose and fructose, induced PER at a much lower concentration with an EC 50 of 5.5% (Table 1) . This shows that the behavioral response of harnessed workers was higher for fructose and glucose in comparison with sucrose ( Figure 1A and B).
Preference for plant sugars of unfamiliarized free-moving workers
Using the laboratory arena setup, it was observed that freemoving bumblebee workers had a strong preference for 1 of the 4 choices (1-way ANOVA: F = 468.150; df = 7; P < 0.001, and post-hoc Tukey-Kramer α = 1.0). Here, the sugar sucrose was chosen by 66 ± 5% of the workers, whereas both glucose and fructose were of lower preference, namely 18 ± 6% and 16 ± 1%, respectively (Figure 2A-C) . A post-hoc Tukey-Kramer placed these 2 plant sugars in the same group (α = 0.585), meaning that glucose and fructose were equally chosen by the workers. The lowest preference was seen with the choice water (post-hoc Tukey-Kramer α = 1.0) as it was never chosen ( Figure 2D ). All workers made a choice.
Behavior in responding to sugars with free-moving workers
For free-moving bumblebee workers of B. terrestris, the response to sugar involved behavioral characteristics. Typically, 3 workers when placed in the arena of the nest box, started walking at random to inspect the arena. Once a choice was made, the bumblebee worker stopped walking and moved toward the choice. Subsequently, movement of the tarsi was seen at the choice. Thereafter, the antennae were positioned parallel to each other and pointed downward to the sugar source. Following this behavior, the worker extended the proboscis to take up the sugar solution of choice.
Preference for plant sugars of fructose-familiarized freemoving workers Figure 2A -D shows the response of free-moving workers that were familiarized for 72 h to the plant sugar fructose. Familiarization resulted in bumblebee workers being more responsive to fructose (58 ± 8%) than to the other 2 plant sugars and water (1-way ANOVA: F = 39.634; df = 7; P < 0.001, and post-hoc Tukey-Kramer α = 1.0). Furthermore, sucrose (31 ± 4%) was preferred above glucose (13 ± 2%) by familiarized workers (post-hoc Tukey-Kramer α = 1.0). In contrast, water was never consumed and was placed in the same group as the choice glucose (post-hoc Tukey-Kramer α = 0.088). All workers made a choice.
Comparison of the sugar response by unfamiliarized and familiarized workers showed that the sugar preference changed in favor of fructose in fructose-familiarized individuals ( Figure 2C ). In fructose-familiarized workers, the mean preference for fructose was 58 ± 8% versus 16 ± 1% in unfamiliarized workers (1-way ANOVA: F = 76.195; df = 3; P = 0.013). The increase in preference for fructose was mainly at the expense of the sucrose response ( Figure 2B ), which dropped from 66 ± 5% in unfamiliarized workers to 31 ± 4% in familiarized workers (1-way ANOVA: F = 114.882; df = 3; P = 0.009). Interestingly, familiarization with fructose did not significantly reduce the response to glucose: 18 ± 6% in unfamiliarized workers versus 13 ± 2% in familiarized workers (1-way ANOVA: F = 45.338; df = 3; P = 0.078) (Figure 2A ). No differences were seen between both groups in terms of water response as water was never consumed (statistical analyses could not be computed as the SD between both groups was 0) ( Figure 2D ).
The role of tarsi in responding to sugars in free-moving workers familiarized with fructose
The ability of a bumblebee worker to detect a sugar source and to respond by the extension of the proboscis was not affected when comparing familiarized workers with amputation of all 6 tarsi, of the tarsi of the midlegs, and of the tarsi of the hindlegs to familiarized workers without leg amputations.
Figure 1
Concentration-response curve for the 3 plant sugars, glucose, sucrose, and fructose, using harnessed bumblebee workers of B. terrestris. (A) The mean PER response by harnessed bumblebees after stimulation with a concentration of 0.1%, 0.3%, 1% and 3% (w/v) of each sugar and water, and this for the 3 sugars tested. (B) The mean PER response by harnessed bumblebee workers after stimulation with a concentration of 1%, 3%, 10%, 30%, 50%, and 80% (w/v) of each sugar and water, and this for the 3 sugars tested. Considering the responsiveness to the different plant sugars, tarsal amputation affected the sugar preference of the bumblebees. When all 6 tarsi were amputated, the sugar response for glucose and fructose ( Figure 3A and C) was significantly (P < 0.05) different from normal workers. For glucose, the responsiveness increased to 45 ± 7% versus 11 ± 5% in normal workers, whereas the response to fructose was decreased to 13 ± 4% in the tarsi-amputated workers versus 57 ± 10% in normal workers. The response to sucrose and water remained the same (P > 0.05) ( Figure 3B and D) .
Amputation of the tarsi of the mid-and hindlegs caused the preference for sucrose to increase (P < 0.05), 55 ± 7% versus 32 ± 6% in normal workers ( Figure 3B ). The preference of the other plant sugars tested, glucose (13 ± 4%) and fructose (33 ± 11%), and water was similar (P > 0.05) as in normal workers (Figure 3A-D) .
Amputation of the tarsi of the forelegs affected (P < 0.05) the preference toward glucose and fructose ( Figure 3A and C). For glucose, the response had increased (45 ± 7%), whereas for fructose, the response had deceased (28 ± 4%) when compared with normal workers. Both the sucrose (25 ± 7%) and the water (2.5 ± 1%) response did not change (P > 0.05) after amputation ( Figure 3B and D) .
Discussion
In this study, we evaluated the sugar responsiveness of bumblebee workers for the 3 main plant sugars, glucose, sucrose, and fructose, under harnessed and free-moving conditions. Harnessed bumblebees elicited PER when stimulated via the antennae and this already at the lowest concentration (0.1%, w/v) for each of the plant sugars tested. Similarly, in honeybees, the sucrose responsiveness of the antennae was found to be dose responsive with a response threshold below 0.1% (w/w) (Haupt 2004; de Brito Sanchez et al. 2005) . The percentage of workers responding to glucose and fructose was higher than for sucrose. This lower response for sucrose compared with the hexose sugars was evident at the lowest concentration tested and was consistently found up to the highest sugar concentration of 80%. This resulted in a corresponding EC 50 value of 40% sucrose. In honeybees, the EC 50 value following antennal stimulation with sucrose has been shown to be in the range of 3-10%, indicating that honeybees are more sensitive to sucrose than bumblebees (de Brito Sanchez et al. 2008) . For honeybees, the high sucrose response was found to be positively correlated with the high number of chaetic sensillae (Whitehead and Larsen 1976) . As a consequence, one can speculate that the antennae of bumblebee workers may bear fewer chaetic sensillae in comparison with honeybees. However, this has not yet been investigated.
In sharp contrast with the harnessed bumblebees, freemoving workers without pre-exposure to fructose showed a strong preference for sucrose (66%) over glucose (18%) and fructose (16%). Previously, Pouvreau (1974) had shown that free-flying foragers of B. terrestris colonies, given a Figure 2 The choice of unfamiliarized free-moving bumblebee workers of B. terrestris (no pre-exposure to fructose) and familiarized free-moving workers (pre-exposure to fructose for 72 h) when given a choice between 30% glucose, 30% sucrose, 30% fructose, and water. The mean percentage of choice ± SD of both groups of workers is given for each choice separately: for glucose (A), sucrose (B), fructose (C), and water (D). Water as choice was never consumed by the workers, and all workers made a choice. (*, $) statistically significant after analyses by 1-way ANOVA with P = 0.05. Downloaded from https://academic.oup.com/chemse/article-abstract/38/5/399/360694 by guest on 14 January 2019 choice between these main 3 plant sugars and maltose (all at a 40% concentration), were more likely to visit sucrose (32%) as compared with glucose (26%), fructose (28%), and maltose (13%). Although the response to sucrose was more pronounced in this study, the overall pattern supports the findings by Pouvreau (1974) . Also for glucose and fructose (equally chosen), the obtained results are consistent with the findings as reported by Pouvreau (1974) . The difference in sucrose choice between both studies may be explained by the fact that colonies in this study had no experience and were in the stage of "colony growth" (i.e., production of new bumblebee workers), whereas Pouvreau (1974) used colonies of different stages that were kept in the greenhouse (more information was not provided by the authors). As a result, colonies would likely have differed from the ones used in this study, both in terms of experience and nutritional needs. The energetic value as a basis for the described sucrose preference can be excluded because the sugar concentration of the solutions was chosen so that each represents equal amounts of kilojoules per milliliter. We, therefore, hypothesize that the preference for sucrose by the free-moving individuals may reflect an innate preference for this sugar. This innate preference likely also underlies the known tendency of bumblebees to forage for sucrose-rich flowers. In the crop of the bumblebee workers, the sucrose is cleaved into glucose and fructose, which is then transported from the ventricle to the hemolymph where glucose is converted into trehalose by the fat body and fructose into glucose in the hemolymph (Candy et al. 1997) . The preference for sucrose among insects is not restricted to bees, as Romeis and Wäckers (2000) and Omura et al. (2008 Omura et al. ( , 2011 ) demonstrated a higher responsiveness to sucrose by tarsal and proboscal stimulation in butterflies compared with fructose and glucose. In addition, in the discussion on the preference for a specific sugar one should also take into account that this preference can vary. Indeed, we could demonstrate here an example of plasticity for the sugar response. When unfamiliarized workers were given access to 30% fructose for 72 h, this resulted in an increase of 3.6-fold in the response to fructose. Similarly, Pankiw and Page (2000) and Page et al. (2006) using the PER assay Figure 3 The choice of familiarized free-moving bumblebee workers of B. terrestris for glucose (A), sucrose (B), fructose (C), and water (D) when all tarsi were present (normal), when all 6 tarsi were amputated, when the tarsi of the midlegs and hindlegs were amputated, and when the tarsi of the forelegs were amputated. All sugars were presented at a concentration of 30% (w/v). The worker choice is given as a mean percentage of choice ± SD. 1-way ANOVA resulted in 2 groups for glucose (F = 32.583; df = 7; P < 0.001), in 2 groups for sucrose (F = 8.823; df = 7; P = 0.005), in 2 groups for fructose (F = 15.172; df = 7; P = 0.001), and in 1 group for water (F = 2.538; df = 7; P = 0. demonstrated that honeybee workers with the lowest response threshold to sucrose became water foragers followed by pollen foragers and that nectar foragers showed the highest response threshold. In addition, this study also found that the response to sugars is different in free-moving workers versus harnessed. Overall, this suggests that experience and experimental setup (free-moving versus harnessed) might affect the observed sugar preference. Finally, it is worth to mention that there was no response to water, indicating that the bumblebee workers were not attracted to water and their preference was not affected by the presence of water. Similarly, Pouvreau (1974) never observed water uptake by bumblebee workers when given a choice between sugars and water. We, therefore, believe that this bioassay is of value to study fundamental and applied questions concerning sugar perception in bumblebees.
In comparison with harnessed workers, the response to the 3 sugars was different in free-moving workers. Although in harnessed bumblebee workers, fructose and glucose were far more likely to induce a PER at all concentrations tested, sucrose was the preferred sugar in freemoving workers at a concentration of 30%. For honeybees, such a difference in relative sugar response between harnessed and free-moving bees was not found as sucrose came highest in preference ranking in both settings (von Frisch 1967; Ayestaran et al. 2010) . The difference between harnessed and free-moving bumblebees might be explained by the experimental setup. In harnessed workers only the antennae are stimulated allowing only antennal taste sensillae to be involved in the sugar perception. In contrast, free-moving workers can utilize tarsal sugar receptors in the detection and acceptance of sugars. In our experiments, sugar responses in free-moving bumblebees were shown to be organized in a 3-step manner. At first, there was no immediate and no exclusive sugar preference. The workers walked around the cage "inspecting" the full walking arena of the cage without necessarily contacting the sugar sources. We speculate here that during this first "inspection" sugar receptors on the tarsi generate information on the presence of sugar sources and/or the composition of the sugar sources. For honeybees, gustatory sensitivity by taste sensillae was proven for sucrose (de Brito Sanchez et al. 2008) . After this "first inspection," bumblebee workers moved to a particular sugar source involving both tarsi and antennae. The antennae pointed downwards and the proboscis was extended allowing sugar consumption. Here, it is of interest to mention that we speculate that the antennal sensitivity was higher than these of the tarsi (Haupt 2004; de Brito Sanchez et al. 2008) . Indeed, as seen in honeybees, the antennal tip bears a high density of taste hairs with high sensitivity for sucrose and the leg tarsi contain lower numbers of sensillae as compared with the antennae, suggesting both an inferior role of the tarsi compared with the antennae (Whitehead and Larsen 1976; Haupt 2004 ). This hypothesis is also supported by the results obtained in honeybees on tarsal sensitivity as tarsal stimulation resulted in PER at 34% sucrose, whereas with antennal stimulation, only a concentration of 2.85% sucrose was needed to induce PER (Marshall 1935; Whitehead and Larsen 1976; de Brito Sanchez et al. 2008; de Brito Sanchez 2011) . All these observations may help to explain our hypothesis of a lower sensitive "first inspection" using tarsal gustatory receptors, followed by a more specific assessment using the more sensitive antennal receptors.
In addition, the data on sugar preference obtained with amputated tarsi confirmed the idea that tarsi plays a role in sugar perception. Amputation of all 6 tarsi and the foreleg tarsi increased the glucose preference and decreased the fructose preference, whereas the sucrose preference only increased when midleg and hindleg tarsi were amputated. In parallel, own unpublished real-time-polymerase chain reaction analyses demonstrated that the foreleg tarsi of B. terrestris workers showed expression of BtSR2 (Apis homologue gi|328790772|ref |XM_397125.4|) only, whereas the midleg and hindleg tarsi expressed only BtSR1 (Apis homologue gi|328788491|ref |XM_001123138.1|) (own unpublished data). Based on all these results, we hypothesize here that BtSR2 is important for fructose perception. It could be argued that the shift in sugar preference from fructose to glucose as seen in this study after amputation is a result of a negative association between fructose and amputation. However, the fact that previous studies showed that bees could be conditioned to sucrose following antennal amputation indicates that amputation does not affect subsequent conditioning (Hori et al. 2006 (Hori et al. , 2007 de Brito et al. 2008) .
In insects, the detection/perception of sweetness/taste occurs via taste sensillae that contain a sugar receptor neuron in their membrane (Montell 2009; de Brito Sanchez 2011) . To date, several studies reported on the expression of sugar receptor genes on the tarsi of different insects, including honeybees, and these tarsal sensillae realized in the detection of sugars as sucrose, glucose, and fructose (Stocker 1994; Romeis and Wäckers 2000; de Brito Sanchez et al. 2008; Calas et al. 2009; Lorenzo 2009; Montell 2009; Zhang et al. 2010 Zhang et al. , 2011 de Brito Sanchez 2011; Omura et al. 2011) . We believe, therefore, that ligand-receptor experiments are needed before firm conclusions on sugar affinities can be drawn. Overall, the current data on sugar preference concur in their conclusion that bumblebees can detect sugars through tarsal receptors, but it is still to be investigated to what extent these tarsal sugar receptors contribute in the behavior of sugar perception and whether a tissue-dependent expression profile of sugar receptor genes might be at the basis of the seen differences.
Funding
Fund of Scientific Research (FWO-Vlaanderen, Belgium) to G.S.
